. 1 In the presented study, the significant operating variables regarding biosynthesis of citric acid process were assessed and their effects on the process yield were analysed. These variables, namely, initial sucrose concentration, methanol concentration, inoculum density, initial medium pH, spore age, stirrer speed, incubation period, fermentation temperature, particle size distribution, oxygen flow rate, and moisture content have significant influence on bioprocess of citric acid production. Plackett-Burman approach was used to determine the most significant variables, which predominantly influence the citric acid production process. Out of the eleven variables, initial sucrose concentration, initial medium pH, stirrer speed, incubation period, fermentation temperature, and oxygen flow rate were found to be significant. The effect of the significant variables on the yield of citric acid has been validated experimentally by one-factor-at-a-time empirical optimization technique. The optimum conditions have been determined. The effect of each variable on the yield of citric acid was analysed critically.
Introduction
Citric acid is a low toxic organic chemical produced today extensively worldwide by fermentation technology of different microorganisms. The main uses of citric acid are in the food, beverage and pharmaceutical industries as an acidulant. However, because of growing demand for citric acid, the world production of the citric acid by fermentation process is increasing tremendously. In South America, Mexico and Greece, citric acid is still being produced from citrus fruits. However, today almost 99 % production of the citric acid in the world is mainly from microbial process, i.e. by various fermentation processes, substrates and microorganisms. As production of citric acid does not satisfy the required demand, economical and sustainable advanced processes are needed.
Microbial production of citric acid was first noticed by Wehmer [1] by a culture of Penicillium glaucum, where sugar was used as the medium. Industrial cultivations were not successful because of a problem with contaminations and long period of cultivation. The effect of starting sucrose concentration (100-180 g·l -1 ), initial nitrogen concentration (0-0.3 g·l -1 ), methanol and ethanol concentration (0-6 ml) in 100 ml feeding medium were studied experimentally by Kursat et al. [2] and the optimum conditions were determined to be as follows: initial sucrose concentration (140 g·l -1 ), initial nitrogen concentration (0.05 g·l -1 ), methanol (4.0 ml), and ethanol (3.0 ml) giving maximum citric acid.
Crolla et al. [3] have reported the effects of fermentor agitation and fed-batch mode of operation on citric acid production from Candida lipolitica using nparaffin as the carbon source. An optimum range of agitation speeds 800-1000 rpm corresponding to Reynolds numbers from 50000 to 63000 gave best substrate utilization and biomass growth and citric acid production rates. Three cycle fed-batch system increased the overall production rates of citric acid. Kamzolova et al. [4] have studied the amount of oxygen necessary for the growth of Yarrowia lipolitica and production of citric acid. They observed that the amount of oxygen required for microorganism growth and synthesis of citric acid depends on concentration of iron in the medium. The authors found that at relatively low oxygen content and high iron concentration, citric acid accumulation was 120 g·l -1 , the specific rate of citric acid was 120 mg, the mass yield coefficient was 0.87, and the energy yield coefficient was 0.31.
Hossain et al. [5] and Xu et al. [6] reported the effect of sugar concentration and the type of carbon source on the production of citric acid. Xu et al. [6] observed optimum yield of citric acid at a sucrose concentration of 10 % and glucose concentration of 7.5 %.
Roukas [7] studied the pre-treatment of date syrup with sulphuric acid, tricalcium phosphate, hydrochloric acid, potassium ferrocyanide, and EDTA to increase citric acid production. They observed that 2 % tricalcium phosphate gave citric acid concentration of 55 g·l -1 . The yield of citric acid was 50 % and glucose utilization was 73.3 % at an optimum pH of 6.5. They found that addition of 4 % methanol causes the increase of citric acid concentration from 55 to 90 %.
The production techniques, operating conditions, and parameters most effecting the biochemical pathways and synthesis of the citric acid have been studied by Vandenberg et al. [8] . The authors highlighted the main applications, current demand for the product and available manufacturing processes in the industry.
A review on citric acid production has been described by Angumeenal et al. [9] . The authors have discussed the fermentation tool, which produces the CA by less expensive renewable substrates. They also suggested that Aspergillus and Candia are the best species strains to manufacture the acid.
The statistical approach for the optimization of citric acid in the presence of filamentous fungus developed using the sweet potato and the optimal operational conditions obtained by using central composition design of RSM method were investigated by Betiku et al. [10] . From the statistical method, the highest citric acid concentration of 83.01 g·l , and pH of 6.0 were found for the 8 days of operation.
The citric acid has been produced by Artocarpus heterophyllus, an economical substrate using the fermentation operation [11] . The experiments were carried out and maximum concentration of citric acid was 73 g·l −1 after 48 h of operation at 14.6 mol·l -1 of HCl. The citric acid production in the presence of date syrup as the substrate with A. niger has been studied by Mostafa et al. [12] . The maximum production was achieved by pre-treating date syrup with 1.5 % tri-calcium phosphate to remove heavy metals. The production of citric acid using pretreated medium was 38.87 %. The maximum production of acid was obtained at zero concentration of calcium chloride. They claim that the date syrup was the best medium for the industrial production of citric acid.
The conventional optimization technique known as the empirical method employs one-factor-at-a-time (OFAT) procedure [13] . This method involves varying one parameter by keeping all other variables constant under specified conditions. This is mainly used for very less number of variables that most affect the process. When the number of variables is less, it is easy for the interpretation of results without the help of statistical methods [14] . However, this method is very difficult when the numbers of parameters are large to optimize the process. In addition to complexity, if there is any interaction among factors or variables, the empirical method gives less information to find out effects of exact parameters. With the help of empirical methods, optimization studies were carried out to find the most effecting parameters on the yield of the desired product. From this empirical method, the affecting input variables were identified. The empirical method reduces the task of conducting number of experiments [15] .
The main aim of the present work is production of citric acid with Aspergillus Niger NCIM 705 under the optimum operating conditions of initial sucrose concentration, initial medium pH, stirrer speed, incubation period, fermentation temperature, and oxygen flow rate.
Experimental

Materials
The microorganism, A. niger NCIM 705, was purchased from National Chemical Laboratory, Pune, India. The substrate sucrose and the potato dextrose agar medium containing dextrose (20 g·l 
Plackett-Burman Design
In any commercial process, the optimization of selected parameters is important due to the economical feasibility as well as the practical feasibility of operation. In the fermentation process, the most important parameters also have to be optimized with the help of the statistical methods and analysis [16] . Plackett-Burman designs at two level fractional factorial designs are for studying k number of runs, where k = n−1 runs. Here, n is a multiple of 4 and k is the number of variables. The design considers the main effects of the variables but not their interactive effects [17] .
The Plackett-Burman design can be represented by the first-order polynomial equation (Eq. 1):
where Y represents the response in the model; βo is the constant; β i is the linear coefficient; x i is the variable and n is the number of parameters. Each variable is represented in two levels, high (+) and low (−). The effect of each variable can be evaluated by Eq. 2:
where E (xi) is the tested variable; ∑ mi+ is the summation of the response value at a high level; ∑ mi− is the summation of the response value at low level and N is the number of experiments.
In the present study citric acid yield has been the response or dependent variable, and the number of independent variables was eleven: initial sucrose concentration, methanol concentration, inoculum density, initial medium pH, spore age, stirrer speed, incubation period, fermentation temperature, particle size distribution, oxygen flow rate, and moisture content. Twelve experiments were recommended for nine variables by Plackett-Burman designs [18] . Twelve experiments were conducted accordingly to evaluate the degree of influence of each variable on the citric acid yield. The variables with confidence levels greater than 95 % are considered to strongly influence the citric acid yield. From this design, it has been found that six most significant variables are initial sucrose concentration, initial medium pH, stirrer speed, incubation period, fermentation temperature, and oxygen flow rate, which strongly influence the citric acid yield.
Experimental Setup and Procedure
A pure culture of A. niger NCIM 705 was procured and preserved in refrigerator by periodic subculture on potato dextrose agar medium. A fermentor of 1.2 l capacity was equipped with standard control and instrumentation as shown in Fig. 1 . The fermentor equipped with impeller of three blades and two 500 ml bottles are provided for addition of acid and base, and pH controller was used to control the pH. The temperature indicator was used to measure temperature in the fermentor and the cooling water supplied to fermentor to maintain uniform temperature. The fermentor was cleaned with water and sterilized for 20 min in an autoclave. This sterilized fermentor was placed in the main assembly to which water and O 2 were supplied through the tube connections. 25 % of sucrose solution were taken, 35 ml of 1N H 2 SO 4 was added to solution and then it was boiled for half an hour. Then the mixture was cooled and neutralized with lime water for 12 h for clarification. The clear supernatant liquid was diluted to 15 % sucrose level. The solution and growth medium were sterilized, inoculated and the mixture was kept in an incubator for 24 h. The prepared culture was poured into the fermentor in the first run and thereafter the fermentor was put into operation for 7 days for batch operation.
Analysis
The samples were collected from the fermentor periodically for every 24 h and analysed for sucrose, biomass and citric acid using standard analytical methods [19, 20] . Citric acid concentration was measured by titration with 0.1N NaOH phenolphthalein indicators. The amount of acetic was determined from N 1 V 1 = N 2 V 2 formula. DNS method was used to measure the concentration of sucrose. The colour intensity was measured by single beam UV scanning spectrophotometer (Systronics made, model-117). One drop of concentrated HCl solution was added to 1 ml of the sucrose solution in a flask and heated to 363 K for 5 min to allow hydrolysis. Then three drops of 5N KOH solution were added to neutralize the acid. Formation of red brown colour, which represents the presence of reducing sugars, was observed. The colour intensity was measured at 220 nm with the DNS reagent. The colour intensity was found to be proportional to the concentration of sugar.
Biomass was estimated by using a centrifuge. 1 ml of the sample was taken from the fermentor with pipette into a micro centrifuge test tube of 1.5 ml capacity. Then the sample was kept inside a centrifuge. The speed and temperature of centrifuge were maintained at 200 rpm and at 303 K, respectively, for 10 min. Biomass was collected from the samples withdrawn, discarding the solution. The test tube was kept in a hot oven for about 10 min, cooled and then the final weight was measured. The difference between the initial and final weights gives the biomass. 
Results and Discussion
Design of Experiments
From the literature review, eleven variables namely initial sucrose concentration, methanol concentration, inoculums density, initial medium pH, spore age, stirrer speed, incubation period, fermentation temperature, particle size distribution, oxygen flow rate, and moisture content were found to be governing citric acid bioprocess. Among the process variables identified, the significant factors were assessed using Plackett-Burman Designs (PBD). In the present study, citric acid is the response variable, the number of variables are eleven (v = 11), E (xi) represents the tested eleven variables and the number of experiments are twelve ( n = 12). Twelve experiments were recommended for eleven variables by PlackettBurman designs. The experiments were conducted accordingly to evaluate the degree of influence of each variable on the yield of citric acid. The range considered for the variables is shown in Table 1 .
All trials have been conducted for three times and the citric acid produced was treated as the response. The main effect of each variable was calculated as the difference between the averages of measurements made at the high (+) and low (−) settings of that factor. The change in the concentration of citric acid with respect to each set of variables during fermentation have been determined and recorded as shown in Table 2 .
The Pareto analysis is one of the best statistical methods for quick decision on the selected parameters. This method is used for reducing the number of experimental tasks to produce significant overall effect.
The Pareto chart shown in Fig. 2 explains the contributory effect of each variable on citric acid biosynthesis. The bars in orange colour show positive and significant effects and those in blue indicate negative and insignificant effects.
Out of eleven variables, initial sucrose concentration, initial medium pH, stirrer speed, incubation period, fermentation temperature, and Oxygen flow rate were determined to be significant factors using PBD.
Initial optimization studies were carried out for these six variables experimentally in two rounds on onefactor-at-a-time (OFAT) basis to obtain preliminary information on local optimal parameters. Thirty six experiments were conducted in 1 st round as per OFAT. The range of the variables for 2 nd round of experiments was reduced based on 1 st round local optimals and thirty more experiments were conducted. After 2 nd round of experiments, the effect of each variable on citric acid yield was discussed critically with a series of plots. Figs. 3-8 show how sucrose consumed, biomass generated and citric acid produced are affected by varying each factor. . From Fig. 3 , it is observed that maximum citric acid concentration is found to be 60.58 g·l , citric acid formation increased, however beyond 170 g·l −1 citric acid formation is decreasing due to the overgrowth of the mycelium. Overgrowth of mycelium causes the increasing of the viscosity of the medium, which was also observed [21] . Pazouki et al. [22] have observed that sugar concentration more than 16-18 % causes higher amount of residual sugars, making the process more uneconomical. Sugar concentration below optimal level leads to less yields of citric acid.
Effect of Initial Medium pH
The change in culture pH causes the microbial metabolic activities due to the secretion of organic acids. The desirable or favourable pH maintained in the fermentation process is extremely important for the production of citric acid. The other conditions are as follows: initial sucrose concentration 170 g·l . Fig. 4 shows the effect of initial medium pH in the range of 5.0-7.0 on the production of citric acid. The sucrose consumed, dry biomass generated and maximum citric acid produced were found to be 59.8, 47.3 and 60.58 g·l −1 , respectively, when the initial pH was set at 6.5. The value of pH lower than 6.5 in sucrose medium was found to be inhibiting for the growth of A. niger, causing the decrease in citric acid concentration. This is due to the toxic nature of ferrocyanide ions decreasing the growth of mycelium in the medium [23] . At higher initial pH value, it leads to the by-products accumulation, such as oxalic and gluconic acids [24] . Hence, the decrease in citric acid formation was observed when pH was increased beyond 6.5. When the stirring speed increased up to 240 rpm, the citric acid concentration was found to be increasing. However, as the stirring speed was maintained higher than 240 rpm, the concentration of citric acid was noticed to decrease. The amount of citric acid produced, biomass generated and sucrose consumed were found to be maximum at 240 rpm, that maintains proper aeration rate to supply the oxygen. The maximum citric acid, biomass generated and sucrose consumed is 65.56, 46.11 and 87.1 g·l −1 , respectively, at 240 rpm. Minimum stirrer speed is required to enhance the mechanical forces on the fungal cells. Overstirring causes the damage of A. niger, which results in low biomass production [25, 26] . . From Fig. 6 , it is observed that the production of citric acid was initiated after overcoming the lag phase and then it reached maximum concentration of 66.66 g·l , respectively. Further increase in incubation time beyond 8 days did not enhance citric acid formation due to decreasing activity of fungi as well as depletion of the sugar contents in the medium [27] . It was also found a slight increase in biomass but decrease in citric acid. was obtained when the temperature of the medium was maintained at 303.5 K. The sucrose consumption and dry mycelial weight (biomass) were found to be maximum 87.24 and 47.39 g·l −1 , respectively, at 303.5 K.
Effect of Stirrer Speed
Effect of Incubation Period
The temperature of fermentation shows profound effect on citric acid formation. At low medium temperatures enzyme activity is low, hence the formation of acid is less. However, when the temperature of medium was increased beyond 303.5 K, formation of citric acid was decreased. ) were noticed at the speed of 240 rpm and aeration rate of 1.5 lpm.
Effect of Oxygen Flow Rate
When the aeration flow rate increased beyond the 1.5 lpm, the citric acid formation was decreased. The reason for decreasing of the acid formation is that at high flow rates the dissolved oxygen levels decreased. Hence, a proper aeration and agitation is required for supplying oxygen and maintaining required DO levels in the fermentor.
Conclusions
For high productivity and economic operation of the commercial scale citric acid plants, meticulous optimization of citric acid processes is vital. Hence, the governing variables of citric acid production were collected, screened for significant variables using Plackett Burman designs and optimized using OFAT. The optimization studies on significant variables by onefactor-at-a-time method reported the local optimum conditions to be as follows: initial sucrose concentration 180 g l −1 , initial medium pH 6.5, stirrer speed 250 rpm, incubation period 6 days, fermentation temperature 303 K, and oxygen flow rate 2.0 lpm.
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